Eastern Illinois University

The Keep
Masters Theses

Student Theses & Publications

Fall 2020

The Transcriptome Response of the White-Rot Fungus Trametes
versicolor to Wild-Type and Lignin-Modified Hybrid Poplar
Anbarah Alzabaidi
Eastern Illinois University

Follow this and additional works at: https://thekeep.eiu.edu/theses
Part of the Bioinformatics Commons, Biotechnology Commons, and the Molecular Genetics
Commons

Recommended Citation
Alzabaidi, Anbarah, "The Transcriptome Response of the White-Rot Fungus Trametes versicolor to WildType and Lignin-Modified Hybrid Poplar" (2020). Masters Theses. 4849.
https://thekeep.eiu.edu/theses/4849

This Dissertation/Thesis is brought to you for free and open access by the Student Theses & Publications at The
Keep. It has been accepted for inclusion in Masters Theses by an authorized administrator of The Keep. For more
information, please contact tabruns@eiu.edu.

The Transcriptome Response of the White-Rot Fungus Trametes versicolor to
Wild-Type and Lignin-Modified Hybrid Poplar

by
Anbarah Alzabaidi

THESIS
SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
MASTER OF SCIENCE
IN BIOLOGICAL SCIENCES
IN THE GRADUATE SCHOOL, EASTERN ILLINOIS UNIVERSITY
CHARLESTON, ILLINOIS
2020

I HEREBY RECOMMEND THAT THIS THESIS BE ACCEPTED AS
FULFILLING THIS PART OF THE GRADUATE DEGREE CITED ABOVE

___________________________________

________________________________

THESIS COMMITTEE CHAIR

DEPARTMENT CHAIR

DATE

DATE

______________________________________

___________________________________

THESIS COMMITTEE MEMBER

DATE

THESIS COMMITTEE MEMBER DATE

______________________________________

___________________________________

THESIS COMMITTEE MEMBER

THESIS COMMITTEE MEMBER DATE

DATE

Abstract
Plant biomass is a renewable and sustainable feedstock for biofuel production that can
reduce societal dependence on fossil fuels. However, the production of liquid biofuels
from the non-starch (i.e. lignocellulosic) material through fermentation technology is
limited due to the complexity of the cell wall structure. This necessitates the use of
chemical, thermal, and/or mechanical pretreatment technologies, which adds significant
capital, operational, and environmental costs. Biological pretreatment strategies have the
potential to mitigate these expenses by harnessing the innate ability of specialized
bacteria and fungi to deconstruct lignocellulose. White-rot fungi (e.g. Trametes
versicolor) have been shown to be effective at biological pretreatment of lignocellulose,
yet the biochemical mechanisms associated with cell wall degradation require further
study. For example, it was uncertain if these fungi have a homogenous response to
various feedstocks or are able to sense subtle changes in cell wall chemistry. The present
study examined the transcriptome response by Trametes versicolor to transgenic hybrid
poplar (Populus tremula × alba) lines with altered syringyl (S) and guaiacyl (G) lignin.
Specifically, the transcriptional response of the fungus to wild-type wood was compared
to that from the wood of six transgenic lines with three lignin phenotypes: LSX (low S
with hydroxy G), LSHG (low S with high G), and HS (high S). The transcriptome of T.
versicolor varied according to the lignin phenotype of the wood, with the LSX wood
resulting in the most substantial changes in T. versicolor transcript abundance,
presumably due to the presence of hydroxy G lignin. For example, the transcripts for
several lignin peroxidases (LiP3, LiP4, LiP10, and LiP12) were highly downregulated by
the fungus on LSX wood compared to wild-type wood. Overall, the results of this study
demonstrated that T. versicolor was able to respond to changes in lignin chemistry among
wood with the same genetic background, which has important implications for biological
pretreatment strategies involving feedstocks that are genetically modified or have natural
variations in cell wall chemistry.
ii
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1. Introduction
Fossil fuels have been a primary source of energy with industries as well as households
leveraging to provide the necessary power to various processes and equipment. These
resources include coal, oil, and natural gases formed from organic materials over many
years, which are burned to generate affordable energy to be utilized in different activities,
such as transportation. However, fossil fuels are a finite resource and cause irreparable
damage to the environment. The global reserves for oil, coal, and natural gases are
limited and non-renewable, hence these commodities are clearly unreliable over the long
term. Additionally, the United States Energy Information Administration established that
the use of fossil fuels accounted for a worrying 76% of greenhouse gas emissions in the
country in 2016 (Ge et al., 2018). Furthermore, the extraction of these commodities
involves drilling or mining, activities that culminate in environmental and geographical
degradation. The cost of fuel dependency also includes health risks to the public, hence
raising the need for alternative, sustainable sources of energy (Perera, 2018).
Abundantly available and cheap to produce resources are necessary to address the
growing energy demand in the world. Terrestrial plant biomass from forestry and
agricultural activities has been identified as a viable alternative energy source,
considering the large volumes of agricultural wastes (e.g. wheat straw, rice straw,
bagasse, and other plant residues) being disposed every year (Canam et al., 2013a;
Baruah et al., 2018). In theory, this non-starch (i.e. lignocellulosic) biomass can be used
as feedstock to produce biofuels in addition those produced from starch (Kumar et al.,
2009). However, the industrial production of ethanol and other biofuels from
lignocellulose remains elusive, with just 1% of total U.S. ethanol production in 2017 (150
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million gallons) produced from this material (Renewable Fuels Association, 2017). This
figure was 100 times lower than the Energy Independence and Security Act goal for that
year (Congress, 110th U.S., 2007).
Lignocellulosic biomass is common in the food and energy sectors, constituting
one of the most abundant sustainable raw materials in the world for bio-ethanol
production due to its richness in carbohydrates (55–75% dry basis; Wan & Li, 2012). For
instance, in 2012, approximately 300 million metric tons of the material were produced in
the U.S., and an annual production of approximately 10-50 billion tons worldwide
(Zoghlami & Paës, 2019). Lignocellulosic biomass is a complex biopolymer consisting
of pectin, cellulose, hemicelluloses, and lignin in varying compositions. Hardwood stems,
for example, contain approximately 18%-24% lignin, 40-55% cellulose, and 24%-40%
hemicelluloses (Manavalan et al., 2014). On the contrary, softwood stems have 25-35%
lignin, 45-50% cellulose, and 25-35% hemicelluloses (Musule et al., 2016). The
composition of lignocellulosic biomass is heterogeneous, complex, and differs from
species to species.
Producing ethanol from lignocellulosic biomass involves a relatively complex
procedure compared to obtaining it from raw starch material. In both cases, the biomass
needs to be hydrolyzed into fermentable monosaccharides (Akyol et al., 2019). However,
these sugars in lignocellulose are in the form of cellulose and hemicellulose, which are
tightly packed and protected by a layer of lignin that complicates the enzymatic
hydrolysis of these carbohydrate polymers (Mosier et al., 2005). The degradationresistant lignin polymer reduces accessibility to allow for sufficient saccharification of
the microfibrils. Hence, the main challenge facing the procedures to obtain energy from
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lignocellulosic biomass is the high cost incurred while producing lignocellulolytic
enzymes to enhance the efficiency of the hydrolysis process (Akyol et al., 2019).
To ameliorate the difficulties associated with enzymatic hydrolysis of
lignocellulose, thermo-chemical and thermo-mechanical pretreatment processes are
utilized to reduce the biomass to its constituent structures prior to saccharification and
fermentation (Batista Meneses et al., 2020). However, these pretreatment processes incur
an economic and environment cost to the process. In contrast, biological pretreatment
strategies would be more cost-effective and environmentally-friendly means of accessing
the energy potential of lignocellulosic substrates (Keller, Hamilton, & Nguyen, 2003).
Generally, biological pretreatment involves the use of biological agents, such as bacteria
and fungi, to partially deconstruct the biomass during or prior to saccharification and
fermentation (Canam et al., 2011). For example, an effective biological pretreatment
strategy involves the utilization of white-rot fungi that can provide highly delignified
biomass for biofuel production (Wan & Li, 2012). White-rot fungi have distinctive
ligninolytic systems that specialize in lignin deconstruction and are therefore able to
reduce plant biomass to white cellulose. Specifically, the fungi use lignin-degrading
enzymes, such as lignin peroxidase (LiP) along with accessory enzymes, to catalyze the
dissociation of lignin in lignocellulosic biomass (Canam et al., 2013b).
Although the genomes (Floudas et al., 2012; Ohm et al., 2014), transcriptomes
(MacDonald et al., 2011; MacDonald and Master, 2012; Zhang et al., 2017), and
secretomes (Vanden Wymelenberg et al., 2006; Vanden Wymelenberg et al., 2010) of
white-rot fungi have provided important details about the biochemical processes
responsible for lignocellulose deconstruction, there are still many proteins involved with
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these processes that have yet to be functionally characterized. Furthermore, it is unclear
how these fungi respond to the variations in lignocellulose between and within species.
Recent studies have shown unique transcriptional responses of Trametes versicolor
and Phanerochaete chrysosporium to lignocellulose biomass from a variety of plant
species (Alaradi, 2017; Alanazi, 2018; Alsubaie, 2019), suggesting that these fungi do not
have a ubiquitous response to differing lignocellulosic substrates. However, the
sensitivity limits to changes in lignocellulose chemistry remain unexplored. For example,
it is not known whether these fungi can respond to changes in cell wall chemistry within
a plant species. This has important implications for biofuel processes that use white-rot
fungi for direct pretreatment or as a source for lignocellulose-deconstructing enzymes,
especially processes that may use genetically modified feedstocks or material with
inconsistent lignocellulose chemistry.
2. Research Scope
The goal of this research was to determine if the gene expression patterns of Trametes
versicolor will respond to variations in lignocellulose chemistry within the same genetic
background of its substrate. Specifically, the transcriptome response of T. versicolor was
explored in response to changes in syringyl and guaiacyl lignin structure in genetically
modified wood from hybrid poplar (Populus tremula × P. alba).
3. Materials and Methods
3.1 Fungal Strain
Trametes versicolor (52J) was purchased from the American Type Culture Collection
(ATCC; ID: 96186). The fungus was maintained on malt extract agar at room
temperature and was subcultured weekly to fresh media under sterile conditions.
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3.2 Wood Source
Wood (1 year of growth from coppice) from wild-type and transgenic hybrid poplar trees
was provided by Dr. Richard Meilan (Purdue University) in conjunction with the Center
for Direct Catalytic Conversion of Biomass to Biofuels (C3Bio). The clone INRA 7171B4 (Populus tremula × P. alba; Franke et al., 2000) was used as the wild-type control
and served as the genetic background for the transgenic lines (Table 1). Six transgenic
clones representing three lignin phenotypes were used along with wild-type in this
experiment (Franke et al., 2000; Yang et al., 2019). First, the phenotype of low syringyl
lignin with hydroxy guaiacyl lignin (LSX) included line 1036-73 (C4H::COMTa RNAi;
LSX-1) and line 0998-45 (35S::COMTa RNAi; LSX-2). Second, the lignin phenotype of
low syringyl and high guaiacyl lignin (LSHG) included line 1020-24 (35S::F5H2 RNAi;
LSHG-1) and line 1035-41 (C4H::F5H2 RNAi; LSHG-2). Third, the lignin phenotype of
high syringyl lignin (HS) included line F5H37 (C4H::F5H overexpression; HS-1), and
line F5H64 (C4H::F5H overexpression; HS-2). Bark was carefully removed from the airdried poplar stems (Figure 1) using a belt sander and the wood was cut into discs
(average width of 11.6 mm) using a scroll saw. The wood pieces were autoclaved in
aluminum foil for 15 minutes at 121°C prior to fungal inoculation. Five Petri plates (10
sterilized discs per plate) for each of the seven hybrid poplar lines (35 plates total) were
prepared for inoculation.
3.3 Wood Inoculation
Fungal biomass was scraped from the surface of 30 Petri plates containing malt extract
agar and blended in 200 mL of malt extract broth using a handheld mixer. This mixture
was added to an additional 800 mL of malt extract broth in a 2 L glass bottle. The broth
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with the fungus was incubated at 100 rpm at room temperature for four days. The fungal
biomass was separated from the broth using a 0.22 μm bottle-top filter and rinsed once
with 100 mL of sterile water. The rinsed fungal biomass was added to 300 mL of sterile
water and mixed gently. Approximately 5 mL of this mixture was added to each Petri
plate containing the wood discs (described in section 3.2). The plates were sealed with
micropore tape and kept in an incubator at room temperature for 3 weeks.
3.4 RNA Extraction and Analysis
The five wood discs with fungal mycelia from each Petri plate (Figure 2) were ground to
a fine powder using a liquid nitrogen-based freezer mill (SPEX 6850; SPEX Certiprep).
Total RNA was extracted from the powder using a multi-day phenol/chloroform/CTABbased RNA extraction procedure optimized for wood (Kolosova et al., 2004; Alanazi,
2018). RNA was quantified using a NanoDrop Lite (Thermo Scientific) and then diluted
to approximately 100 ng/μL using DEPC-treated water. The diluted RNA samples were
assessed for quality using an Experion Automated Electrophoresis System with a
Standard Sensitivity RNA chip (Bio-Rad). According to standards recommended by the
producer, samples with RNA Quality Indicator (RQI) scores of 7 of 10 and higher were
considered to be of sufficient quality for subsequent sequence analysis. The combined
digital gel image of RNA samples is shown in Figure 3. The RQI (quality) scores ranged
from ranged from 8.3 to 9.6.
3.5 Transcriptome Sequencing
For transcriptome analysis, a total of 2.5 μg of RNA from each sample was submitted to
the Roy J. Carver Biotechnology Center at the University of Illinois at UrbanaChampaign (Urbana, IL). The RNA-Seq libraries were prepared using TruSeq Stranded
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mRNAseq Sample Prep kit (Illumina) and sequenced using the HiSeq 4000 system. The
RNA-Seq analysis generated a total of 702,087,446 reads (both sense and antisense
strands) of 150 nucleotides in length for all eight samples.
3.6 Data Analysis
The raw sequence files generated by the sequencing service described above (section 3.5)
were provided in fastq format. The files were processed by ArrayStar software
(DNASTAR, Inc.) using a Joint Genome Institute (JGI) transcript file for Trametes
versicolor (Trave1_GeneCatalog_transcripts_20101111.nt.fasta) as a reference (Floudas
et al., 2012). The data were represented as reads per kilobase million (RPKM). The
ANOVA function in ArrayStar with false discovery rate (FDR) P value adjustment
(Benjamini and Hochberg, 1995) was used to identify transcripts with significant
variation between all sample types (LSX, LSHG, HS, Control). The Gene Ontology (GO)
annotation file for T. versicolor from JGI (Trave1_GeneCatalog_proteins_20101111_
GO.tab) was used for preliminary functional characterization. The data were then
transformed to Excel for further processing. Transcripts with total RPKM of less than 8
(i.e. less than an average of 1 RPKM per sample) were considered background and
removed from further analysis. In addition, only those transcripts with statistically
significant differences were subsequently analyzed and interpreted for this study.
3.7 Graphical Software
Venn diagrams and photo compilations were created using PowerPoint 2016. Heatmaps
were created using the expression tool from www.heatmapper.ca (Babicki et al., 2016)
using the average clustering method and Pearson distance method features.
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4. Results and Discussion
4.1 Holistic Expression Patterns
As a broad method of holistically examining differences in expression patterns of T.
versicolor when growing on the four phenotypes of wood, a heatmap was prepared using
transcripts that were significantly different (350 total) across all samples (Figure 4). The
holistic heatmap indicated that the expression patterns of the two representatives of each
phenotype show excellent consistency relative to the other phenotypes (Figure 4), despite
being uniquely generated lines. For example, the lines producing hydroxy guaiacyl (G)
lignin (LSX-1 and LSX-2) were transformed with different promoters (C4H or 35S)
driving the suppression of caffeic acid-O-methyltransferase (COMT), which led to
syringyl (S) lignin contents of 28% and 5.2%, respectively (Table 1; Figure 5). This
similarity of gene expression by T. versicolor on the two lines with comparable
phenotypes is likely attributed to similarities in the modified S and G compositions.
Collectively, the heatmap of the significantly different transcripts from the present study
(Figure 4) highlights the unique transcription patterns by T. versicolor on the various
hybrid poplar phenotypes, and provides strong evidence for the ability of this fungus to
respond to changes to lignocellulose composition from wood derived from the same
genetic background (INRA 717-1B4).
4.2 Differential Expression Analysis
For a more detailed analysis of transcripts that were significantly upregulated by T.
versicolor when growing on transgenic lines, the average transcript RPKM values for
each transgenic phenotype were compared to the average transcript RPKM value for the
control. The sorting feature of Excel was used to list transcripts by the largest differences
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in gene expression. A threshold of >2X expression of transcripts from T. versicolor on
transgenic lines compared to the control was used to define upregulated transcripts. A
Venn diagram was then created to show similarities and differences among upregulated
transcripts between the transgenic phenotypes (Figure 6). This analysis revealed 50
unique transcripts with upregulated expression (at the >2X threshold) when T. versicolor
was growing on LSX compared to the control, while the HS and LSHG phenotypes had
13 and 1 uniquely overexpressed transcripts at this same threshold, respectively (Figures
6-9). This suggests that LSX phenotype was perceived much differently by the fungus
than the other two transgenic phenotypes, which may be attributed to the significant
increase in hydroxy G lignin in the LSX lines compared to the HS and LSHG lines.
Hydroxy G compounds have been established as intermediates toward the production of
S lignin in hardwoods (Figure 5; Vanholme et al., 2010). The suppressed expression of
COMT by the LSX transgenic lines resulted in the accumulation of hydroxy G (Yang et
al., 2019), which T. versicolor would not be expected to encounter in wild-type poplar
species or hybrids. Therefore, the presence of this unusual lignin moiety in the LSX lines
could at least partially explain the substantially higher number of transcripts upregulated
by T. versicolor on those lines compared to the HS and LSHG lines.
When exploring upregulated transcripts that met the >2X threshold in two or more
phenotypes compared to the control, the HS and LSHG phenotypes did not share a single
transcript (Figure 6), which could be due to HS having substantially higher percentages
of syringyl lignin (77% and 82%) compared to LSHG that had a high rate of guaiacyl
lignin with low rates of syringyl lignin (23% and 34%; Table 1). Similarly, HS and LSX
phenotypes led to just 2 shared T. versicolor transcripts at the >2X threshold (Figures 6
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and 10), where LSX samples had low percentages of syringyl lignin (5.2% and 28%)
compared to HS (Table 1). In contrast, the low-lignin phenotypes (LSHG and LSX)
shared 7 upregulated transcripts when compared to those from the fungus grown on
control wood (Figures 6 and 11), indicating that there are some similarities to these
responses that are likely in part due to the low percentages of syringyl lignin. Finally,
only a single transcript was upregulated on all three transgenic phenotypes compared to
control wood (Figures 6 and 12), which reinforces the conclusion that the fungus was
able to adjust its gene expression levels in response to a variety of lignocellulose
modifications.
Similar to the upregulation comparisons, transcripts with an expression difference
of >2X expression from T. versicolor on control wood compared to transgenic lines was
considered to be downregulated. These comparisons resulted in 48 uniquely
downregulated transcripts when the fungus was grown on the control wood compared to
LSX (Figures 13 and 14). As discussed in the upregulation section above, differences in
the LSX phenotype appear to exert more of an influence on T. versicolor gene expression
than the other two transgenic phenotypes (HS and LSHG). For example, HS and LSHG
had just 4 uniquely downregulated transcripts each (Figures 13, 15, and 16). When
examining transcripts that were downregulated on more than one transgenic phenotype,
LSX and LSHG shared 7 transcripts (Figures 13 and 17), which was the same number of
transcripts that were upregulated on these transgenic lines (Figures 6 and 11). LSX and
HS phenotypes led to five common downregulated transcripts (Figures 6 and 18), and
two transcripts were downregulated beyond the 2X threshold in LSHG and HS compared
to the control (Figures 6 and 19). Finally, two transcripts were downregulated by the
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fungus on all three transgenic phenotypes compared to the control wood (Figures 6 and
20).
When considering both the upregulated and downregulated transcripts by T.
versicolor at the >2X thresholds, LSX led to the most extreme response in both cases.
Specifically, there were a total of 60 upregulated transcripts and 62 downregulated
transcripts by the fungus on this phenotype compared to control wood. By comparison,
the next highest transcript totals were with the upregulated transcripts by HS (16 total)
and downregulated by LSHG (15 total). Once again, this greater response by the fungus
to LSX suggests that this wood, which has unusually high levels of hydroxy G lignin
(Yang et al., 2019), presents a unique set of deconstruction challenges to the fungus
and/or elicits signals that lead to transcriptional responses.
4.3 Functional Analysis
4.3.1 Hypothetical Proteins
Almost 46% of the significantly different transcripts in this study (160 of 350) were
hypothetical proteins, which are predicted proteins from known transcripts but without a
functional identification. Although this high number of unknown proteins prevents
further understanding of the biochemical mechanisms used by T. versicolor during
growth on hybrid poplar, it does highlight the necessity for further studies to functionally
characterize these enzymes, many of which are expected to contain proteins involved
with the lignocellulosic breakdown. For example, the unidentified transcripts uniquely
upregulated and downregulated by the fungus in response to LSX was 56% (28 of 50)
and 31% (15 of 48), respectively. This lack of functional characterization limits the
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understanding of the biochemical response of the fungus to this wood containing the
unusual hydroxy G lignin chemistry.
4.3.2 Lignocellulose-degrading Enzymes
As expected, several of the identified transcripts (using GO and/or BLAST databases)
that were expressed among the >2X threshold lists (both upregulated and downregulated)
are known to be associated with the breakdown of lignocellulose. For example, there
were many enzymes that efficiently degrade lignin, which included four lignin peroxidase
(LiP) genes. Specifically, LiP12 (115214) was the most downregulated transcript (13.6
times higher than control) for LSX (Figure 14). LiP3 and LiP10 were downregulated in
both LSX and HS (Figure 18). However, the downregulation for LSX was much more
extreme with 11.6X and 30.7X lower expression than control for LiP3 and LiP10,
respectively, while the expression levels of LiP3 and LiP10 in HS were 2.5X and 2.1X
lower than control. LiP4 (133596) was downregulated in both of the low-lignin
phenotypes (LSX and LSHG; Figure 17), although the reduction for LSX (26.4X) was
much more extreme than LSHG (2.5X). It is unclear why the transcript levels of these
important lignin-modifying enzymes were reduced when the fungus was growing on the
transgenic phenotypes; however the more extreme downregulation of LiP transcripts
exhibited by the fungus on LSX wood may be a function of the unusually high levels of
hydroxy G lignin (and other resultant alternations to lignin structure) in the LSX lines.
The downregulation of these LiP transcripts was in contrast to a cytochrome P450
transcript (130124) that was upregulated by the fungus when growing on LSX (Figure 7).
Cytochrome P450 enzymes are known to be major players in lignin degradation,
especially among white-rot fungi species (Syed and Yadav, 2012; Sakai et al., 2018). As
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with the LiP examples, it is unclear why the fungus produced more of this cytochrome
P450 transcript in the two LSX lines while the levels of this transcript were
approximately 4X less when exposed to the other transgenic phenotypes (Figure 7).
Transcripts encoding enzymes in T. versicolor that degrade cellulose,
hemicellulose, and other carbohydrate compounds also met the upregulation and
downregulation >2X thresholds in the current study. For example, the transcript levels of
endo-β-1,4-glucanase (34218) was second only to LiP12 for highly downregulated
transcripts by the fungus on LSX, with 11.3X less transcript compared to the control
(Figure 14). Endo-β-1,4-glucanases catalyze the cleavage of cellulose bonds internally at
amorphous regions, and are central to depolymerization of this polymer (Canam et al.
2013b). It could be that the extreme downregulation of this transcript is a result of altered
timing of deconstruction with the LSX wood, whereby the fungus may be lagging with
respect to exposure of cellulose with this particular phenotype, although examining the
transcriptomes at different time points would be necessary to explore this hypothesis. In
contrast, the LSX wood led to the upregulation of three glycoside hydrolases (164424,
60747, and 116603; Figure 7) at approximately 2.5X compared to control wood.
Although the specific substrates for these glycoside hydrolases are unknown, their altered
transcript levels are further evidence that T. versicolor is responding in a unique manner
when exposed to the LSX lines.
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5. Conclusions
Previous studies demonstrated that T. versicolor was able to deconstruct chemically
distinct lignocellulose (maple, miscanthus, and sunflower) while generating unique
transcriptome profiles for each (Alanazi, 2018; Alsubaie, 2019). The present study
demonstrated that this white-rot fungus also has unique transcriptome responses to ligninmodified poplar lines with the same genetic background (Populus tremula × P. alba).
Due to the single time point nature of these studies, it is unclear if the transcriptome
variations observed were due to the chemical composition of the lignocellulose and/or
were a function of the stage of deconstruction. Future time course experiments of the
transcriptome of T. versicolor on these substrates should help discern the effects of time
during the deconstruction process. Nevertheless, the results of these studies have
important ramifications for industrial processes that use white-rot fungi (directly or as a
source of enzymes) for processing lignocellulose, especially those that use direct fungal
pretreatment of transgenic or chemically-inconsistent feedstocks.
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Table 1. Phenotypes, line numbers, modification histories, and syringyl lignin contents
for six transgenic trees as well as control used in this study. Information provided by Dr.
Richard Meilan (Purdue University) and the Center for Direct Catalytic Conversion of
Biomass to Biofuels (C3Bio).
Lignin Phenotype
Control
Low S/Hydroxy G
Low S/High G
High S

Label
CONT
LSX-1
LSX-2
LSHG-1
LSHG-2
HS-1
HS-2

Modification
none
C4H::COMTa RNAi
35S::COMTa RNAi
35S::F5H2 RNAi
C4H::F5H2 RNAi
C4H::F5H overexpression
C4H::F5H overexpression

Line Number
INRA 717
1036-73
0998-45
1020-24
1035-41
F5H 37
F5H 64

%S
64
28
5.2
23
34
77
82

S=syringyl lignin, G=guaiacyl lignin, 35S=cauliflower mosaic virus promoter, COMTa=caffeic acid-Omethyltransferase from Populus trichocarpa × deltoides, C4H=cinnamate-4-hydroxylase promoter from
Arabidopsis thaliana, F5H=ferulate 5-hydroxylase from Arabidopsis thaliana, F5H2=ferulate 5hydroxylase 2 from Populus trichocarpa, RNAi=RNA interference.
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Figure 1. Populus tremula × alba (INRA 717-1B4) wood of an individual stem after 12
months of field growth from control (a) or transgenic lines LSX-1 (b), LSX-2 (c), LSHG1 (d), LSHG-2 (e), HS-1 (f), and HS-2 (g).
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Figure 2. Trametes versicolor after 3 weeks of growth on wood discs of Populus tremula
× alba (INRA 717-1B4) control (a) or transgenic lines LSX-1 (b), LSX-2 (c), LSHG-1
(d), LSHG-2 (e), HS-1 (f), and HS-2 (g).
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Figure 3. Experion digital gel image of T. versicolor RNA samples after three weeks of
growth on the four wood phenotypes (LSX, LSHG, HS, and Control). The RQI (quality)
score is provided in parentheses, where values above 7 are considered to be suitable RNA
for downstream processing (e.g. transcriptome sequencing). 28S and 18S refer to
ribosomal RNA.
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Figure 4. Heatmap of the 350 significantly different Trametes versicolor transcripts
expressed after three weeks of growth on eight hybrid poplar samples representing four
phenotypes: LSX (low syringyl hydroxy guaiacyl), LSHG (low syringyl high guaiacyl),
HS (high syringyl), and CONT (control).
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Figure 5. Lignin biosynthetic pathway from Vanholme et al. (2010). COMT and F5H are
highlighted to emphasize their roles in determining the balance between syringyl (S) and
guaiacyl (G) lignin. The LSX hybrid poplar lines had reduced COMT activity, leading to
a reduction in S lignin and accumulation of 5-hydroxy G lignin (derived from 5-hydroxyconiferaldehyde). The LSHG lines had reduced F5H activity, leading to reduced S lignin.
The HS lines had increased F5H activity that led to elevated levels of S lignin.
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Figure 6. Venn diagram of the number of T. versicolor transcripts expressed at levels
>2X when grown on the transgenic lines (LSX, LSHG, HS) compared to control hybrid
poplar wood.
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Figure 7. Heatmap of the 50 Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on LSX wood compared to control wood.
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Figure 8. Heatmap of the 13 Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on HS wood compared to control wood.
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Figure 9. Heatmap of the Trametes versicolor transcript expressed at >2X levels after
three weeks of growth on LSHG wood compared to control wood.
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Figure 10. Heatmap of the two Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on LSX and HS wood compared to control wood.
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Figure 11. Heatmap of the seven Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on LSX and LSHG wood compared to control wood.
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Figure 12. Heatmap of the Trametes versicolor transcript expressed at >2X levels after
three weeks of growth on LSX, LSHG, and HS wood compared to control wood.
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Figure 13. Venn diagram of the number of T. versicolor transcripts expressed at levels
>2X when grown on control hybrid poplar wood compared to the transgenic lines (LSX,
LSHG, HS).
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Figure 14. Heatmap of the 48 Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to LSX wood.
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Figure 15. Heatmap of the four Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to HS wood.
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Figure 16. Heatmap of the four Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to LSHG wood.
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Figure 17. Heatmap of the seven Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to LSX and LSHG wood.
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Figure 18. Heatmap of the five Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to LSX and HS wood.

hypothetical protein
HET-domain-containing protein
LSX-1

LSX-2 LSHG-1 LSHG-2

HS-1

HS-2

CONT-1 CONT-2

Figure 19. Heatmap of the two Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to HS and LSHG wood.
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Figure 20. Heatmap of the two Trametes versicolor transcripts expressed at >2X levels
after three weeks of growth on control wood compared to LSX, LSHG, and HS wood.
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